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Hypomyelination is observed in the context of a growing number of genetic disorders that share clinical characteristics. The aim

of this study was to determine the possible role of magnetic resonance imaging pattern recognition in distinguishing different

hypomyelinating disorders, which would facilitate the diagnostic process. Only patients with hypomyelination of known cause

were included in this retrospective study. A total of 112 patients with Pelizaeus–Merzbacher disease, hypomyelination with

congenital cataract, hypomyelination with hypogonadotropic hypogonadism and hypodontia, Pelizaeus–Merzbacher-like disease,

infantile GM1 and GM2 gangliosidosis, Salla disease and fucosidosis were included. The brain scans were rated using a

standard scoring list; the raters were blinded to the diagnoses. Grouping of the patients was based on cluster analysis. Ten

clusters of patients with similar magnetic resonance imaging abnormalities were identified. The most important discriminating

items were early cerebellar atrophy, homogeneity of the white matter signal on T2-weighted images, abnormal signal intensity

of the basal ganglia, signal abnormalities in the pons and additional T2 lesions in the deep white matter. Eight clusters each

represented mainly a single disorder (i.e. Pelizaeus–Merzbacher disease, hypomyelination with congenital cataract, hypomyeli-

nation with hypogonadotropic hypogonadism and hypodontia, infantile GM1 and GM2 gangliosidosis, Pelizaeus–

Merzbacher-like disease and fucosidosis); only two clusters contained multiple diseases. Pelizaeus–Merzbacher-like disease

was divided between two clusters and Salla disease did not cluster at all. This study shows that it is possible to separate

patients with hypomyelination disorders of known cause in clusters based on magnetic resonance imaging abnormalities alone.

In most cases of Pelizaeus–Merzbacher disease, hypomyelination with congenital cataract, hypomyelination with hypogonado-

tropic hypogonadism and hypodontia, Pelizaeus–Merzbacher-like disease, infantile GM1 and GM2 gangliosidosis and fucosi-

dosis, the imaging pattern gives clues for the diagnosis.
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Introduction
Hypomyelination refers to a permanent, substantial deficit in

myelin deposition in the brain. Numerous disorders are character-

ized by hypomyelination. Pelizaeus–Merzbacher disease (PMD) is

the prototypic hypomyelinating disorder that was described at

the end of the 19th century (Pelizaeus, 1885; Merzbacher,

1910). It is an X-linked recessive disease caused by rearrange-

ments or mutations in the gene encoding proteolipid protein 1,

PLP1 (Gencic et al., 1989; Hudson et al., 1989), a major compo-

nent of myelin in the central nervous system. MRI allows in vivo

diagnosis of hypomyelination. Unmyelinated white matter, as pre-

sent in neonates, has a long T1 and T2, resulting in low signal

intensity on T1-weighted images (referred to as T1 signal) and

high signal intensity on T2-weighted images (referred to as T2

signal) (Barkovich et al., 1988; Barkovich, 2000). With myelin de-

position, T1 and T2 shorten. Fully myelinated white matter has

high T1 signal and low T2 signal. The T1 shortening occurs

before T2 shortening and is more prominent (Barkovich et al.,

1988; Barkovich, 2000). Consequently, deposition of some

myelin may result in low, intermediate or high T1 signal of the

white matter, depending on the amount of myelin deposited,

whereas the white matter signal is still high on T2-weighted

images (Schiffmann and van der Knaap, 2009). This constellation

of T1 and T2 signal intensities is seen midway in the process of

normal myelination (Barkovich et al., 1988; Barkovich, 2000) and

also in hypomyelinating disorders (Schiffmann and van der Knaap,

2009).

It should be noted that the T1 and T2 signals of the white

matter during normal myelination and in hypomyelination differ

from those observed in demyelination and other lesions. The T2

hypointensity of the white matter is milder in hypomyelination

than in demyelination and other white matter lesions. In demye-

lination and other lesions the T1 signal is invariably low, much

lower than the cortex, whereas the T1 signal is mildly hyperin-

tense, isointense or mildly hypointense relative to the cortex in

hypomyelination (Schiffmann and van der Knaap, 2009).

The MRI criterion for a diagnosis of hypomyelination is an un-

changed pattern of deficient myelination on two successive MRI

scans at least 6 months apart. One of the MRI scans should have

been obtained at the age of more than 1 year (Schiffmann and

van der Knaap, 2009). Experience has taught that if an MRI scan

shows severely deficient myelination in a child older than 2 years,

it is extremely unlikely that the child will ever acquire a normal

amount of myelin and permanent hypomyelination is highly likely

(Schiffmann and van der Knaap, 2009). Over the last few dec-

ades, several new hypomyelinating disorders and their genetic de-

fects have been identified. They include Salla disease (Sonninen

et al., 1999), Cockayne syndrome (Nishio et al. 1988), Tay syn-

drome (also called trichothiodystrophy with hypersensitivity of the

skin to sunlight) (Østergaard and Christensen, 1996), oculodento-

digital dysplasia (Gutmann et al., 1991; Loddenkemper et al.,

2002), Waardenburg-Hirschsprung syndrome with peripheral

neuropathy and central hypomyelination (Inoue et al., 1999,

2002), serine synthesis defects (Jaeken et al., 1996; de Koning

et al., 2000), fucosidosis (Provenzale et al., 1995; Galluzzi et al.,

2001, Prietsch et al., 2008), 18q� syndrome (Miller et al., 1990,

Loevner et al., 1996, Gay et al., 1997), hypomyelination with

atrophy of the basal ganglia and cerebellum (HABC) (Van der

Knaap et al., 2002), hypomyelination with congenital cataract

(HCC) (Zara et al., 2006, Rossi et al., 2008), Pelizaeus–

Merzbacher-like disease (PMLD) (Uhlenberg et al., 2004; Bugiani

et al., 2006) and hypomyelination with hypogonadotropic hypo-

gonadism and hypodontia (4H syndrome) (Wolf et al., 2005;

Timmons et al., 2006). It is important to also realize that neuronal

disorders with early infantile onset, like infantile GM1 and GM2

gangliosidosis (Fukumizu et al., 1992; Koelfen et al., 1994;

Mugikura et al., 1996, Shen et al., 1998, Lin et al., 2000) can

present with hypomyelination on MRI scans (Schiffmann and van

der Knaap, 2009). Although the number of well-defined hypo-

myelinating disorders is rising, hypomyelinating disorders of un-

known origin still constitute the largest single category among

the unclassified leukoencephalopathies (Van der Knaap et al.,

1999).

Clinically, it is not easy to differentiate between the various

hypomyelinating disorders. Common neurological findings are de-

velopment delay, nystagmus, cerebellar ataxia and spasticity. A

few hypomyelinating disorders have additional features, such as

hypodontia, cataract and prominent extrapyramidal movement

abnormalities, which can facilitate the diagnostic process, but

these features are neither obligatory nor pathognomonic. It is,

therefore, usually not easy to reach a specific diagnosis and

often an elaborate diagnostic work-up is performed in patients

with an MRI indicative of hypomyelination.

The aim of the present study is to determine whether systematic

analysis of MRI scans can identify items that contribute to the

differentiation between hypomyelinating disorders.

Materials and methods
This retrospective study received approval of the institutional review

board with waiver of informed consent. All MRI scans had been ob-

tained for regular patient care.

Diseases
All MRI scans available to us: (i) fulfilling the definition of hypomye-

lination as given in the introduction; and (ii) with a known cause for

the disease, were considered for inclusion in this study. Of the
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disorders considered, only PMD, PMLD, 4H syndrome, Salla disease,

fucosidosis, HCC, and infantile GM1 and GM2 gangliosidosis were

actually included in this study. 18q� Syndrome, Cockayne syndrome

and serine synthesis defects were excluded because of their different

appearance on MRI scans, i.e. very mild hypomyelination in 18q�

syndrome and early serious cerebral atrophy in the latter two diseases.

HABC was excluded, because the disease is defined by MRI criteria.

Other diseases that were excluded were Tay syndrome, oculodento-

digital dysplasia and Waardenburg-Hirschsprung syndrome with poly-

neuropathy and central hypomyelination, because the number of

available MRI scans of patients affected with these three diseases

was too small to draw reliable conclusions.

The diagnoses were established based on DNA analysis (PMD,

PMLD, HCC, Salla disease), lysosomal enzyme analysis (fucosidosis,

GM1 and GM2 gangliosidosis), urinary metabolite analysis (Salla dis-

ease) or clinical criteria (4H syndrome).

Patients
MRI scans of 128 patients with hypomyelination and one of the

known causes were available. Only patients in whom at least one

MRI scan was obtained at the age of �12 months were included,

because normal myelination is too incomplete within the first year of

life to allow a diagnosis of hypomyelination (n = 117). Patients without

full series of both T1- and transverse T2-weighted images were

excluded (n = 5). Of the remaining 112 patients 62% were male.

Diagnoses, patient numbers and ages at MRI are summarized in

Table 1.

Magnetic resonance images
and evaluation
The MRI scans had been obtained in various centres and, therefore,

different pulse sequences had been used, but T1- and transverse T2-

weighted images were available for all patients. Only the first MRI

scan of patients after the age of 1 year was rated. The MRI scans

were rated by consensus of two investigators as described previously

(Van der Knaap et al., 1999) (Table 2). In addition to scoring lesions,

the degree of myelination of the white matter structures as estimated

by the T1 and T2 signal was assessed (Table 2). White matter lesions

were defined as areas of prominent T2 hyperintensity and prominent

T1 hypointensity. Hypomyelination itself, leading to mild T2 hyperin-

tensity and variable T1 signal, was not considered a lesion. Atrophy

was defined as volume loss leading to enlargement of the ventricles

and subarachnoid spaces. Only obvious atrophy was scored as present,

equivocal atrophy was scored as absent. The raters were blinded to

the diagnoses of the patients.

Statistical analysis
In order to reduce the number of variables for statistical analysis in

view of the relatively small numbers of patients, we omitted MRI items

from the scoring list that in our experience had the lowest distin-

guishing value (Table 2). A two-way approach was used to assess

possible differences in MRI abnormalities between disorders, including

clustering analysis and multivariate testing.

Clustering analysis

Unsupervised hierarchical clustering of patients on the basis of their

MRI item profile was performed. The dendrogram was built using the

Hamming distance and complete linkage. The latter analysis results in

compact, well-separated clusters. To determine the optimal number of

clusters from the resulting dendrogram, two external validation meas-

ures (adjusted Rand index and normalized mutual information) were

calculated for 2–12 (the largest number considered reasonable) clus-

ters. The number of clusters that resulted in the highest indices was

chosen to be optimal (10 clusters). To determine the items that dis-

criminated best between clusters, the maximum pair-wise symmetrized

Kullback–Leibler divergence was calculated per item. Items with the

highest divergence are most discriminative.

Multivariate testing

Multivariate testing was employed to compare MRI item profiles be-

tween two groups of patients. The empirical frequency distribution of

the MRI item profiles was calculated for each group. The difference in

frequency distributions of the MRI item profiles of both groups was

summarized by the generalized divergence (with lambda =�0.5 to ac-

commodate sparsity of the frequency distribution) (Forman, 2003),

which was used as test statistic. The null distribution of this test stat-

istic was obtained by permutation of the group labels. Comparison of

the observed test statistic to the null distribution yielded the P-value.

Because all groups with more than eight patients were compared in a

pair-wise fashion, Holm’s correction was applied to correct for

multiplicity.

Comparison with hypomyelinating
disorders of unknown origin
To test the results of the clustering analysis, MRI scans of 164 patients

(mean age 8.2 years; age range 1.0–50.8 years; 60% male) without a

known cause for their hypomyelination were reviewed. If MRI

abnormalities compatible with one of the identified clusters were

found, the referring physician was contacted for information on the

latest diagnostic work-up in this patient.

Results
Patient and disease characteristics are summarized in Table 1.

Table 1 Disease and patient characteristics

Disease Number of
patients

% male Mean
age at
MRI
(years)

Age
range
at MRI

(years)

4H syndrome 40 43 9.3 1.3–29.6

PMD 21 100 4.7 1.0–32.9

PMLD 15 67 13.8 2.0–53.3

HCC 13 69 7.1 1.6–19.7

GM2 gangliosidosis 9 44 1.2 1.1–1.4

Salla disease 8 75 5.6 1.6–16.3

Fucosidosis 4 25 5.0 1.8–7.5

GM1 gangliosidosis 2 50 1.4 1.3–1.5
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Hierarchical cluster analysis
The dendrogram of the cluster analysis is presented in

Supplementary Fig. 1. In Table 3 the MRI abnormalities in the

various clusters are summarized.

Cluster 1 comprised 37 patients. The MRI scans were character-

ized by cerebellar atrophy (Fig. 1A), a low T2 signal of the optic

radiation (periventricular occipital white matter in Table 2)

(Fig. 1B) and a relatively low T2 signal of the anterolateral part

of the thalamus (Fig. 1B). For the sake of clarity it should be

stressed that a low T2 signal of a white matter structure indicates

high myelin content and is in fact normal. The low T2 signal of

myelinated structures stands out because the remainder of the

white matter has a mild T2 hyperintensity due to lack of myelin.

In 19 of 32 patients, cerebellar atrophy was seen before the age

of 10 years, whereas in the other 13 patients it was unclear at

which age the cerebellar atrophy had developed. The pyramidal

tracts in the posterior limb of the internal capsule had a lower T2

signal than the rest of the internal capsule in most patients

(Fig. 1B). In all patients, the cerebellar white matter was mildly

hyperintense on T2-weighted images, and the dentate nucleus,

therefore, stood out as dark.

Cluster 2 consisted of 16 patients with a strikingly homoge-

neous T2 signal of the cerebral white matter in all patients

(Fig. 2A as compared to Fig. 2B). Cerebellar atrophy was not

present. The low T2 signal of the pyramidal tracts at the level of

the posterior limb of the internal capsule and the anterolateral part

of the thalamus, typically seen in Cluster 1, was seen in only a few

patients. The cerebellar white matter had a high T2 signal and a

low T1 signal in the majority of the patients.

Cluster 3 consisted of eight patients. Their MRI scans were

mainly characterized by a striking T2 hyperintensity of the pons,

involving either the pyramidal tract at this level (three patients)

(Fig. 3A) or the entire pons (three patients) (Fig. 3B). The latter

three patients also had a striking T1 hypointensity of the pons. The

cerebellar white matter had a mild T2 hypointensity with a con-

trasting dark dentate nucleus in seven patients. Cerebellar atrophy

was seen in four patients.

Cluster 4 comprised four patients who displayed a marked T2

hypointensity of the globus pallidus in four patients (Fig. 4A) and

of the substantia nigra in three (Fig. 4B). It should be noted that

T2 hypointensity of these grey matter structures does not reflect

high myelin content; T2 hypointensity of grey matter most likely

reflects iron or calcium. The optic radiation was hypointense on

T2-weighted images (Fig. 4A), indicating a higher myelin content.

Cerebellar atrophy was not present.

Cluster 5 contained 11 patients. Their MRI scans were character-

ized by mild T2 hyperintensity of the putamen and caudate nucleus

(Fig. 5A and B). Whereas the cerebral hemispheric white matter dis-

played T2 hyperintensity, the corpus callosum was T2 hypointense in

all patients (Fig. 5A). Cerebellar atrophy was not present.

Cluster 6 comprised 11 patients. While the cerebral hemispheric

white matter displayed a mild T2 hyperintensity, as expected in

hypomyelination, there were additional focal areas of prominent

Table 2 Anatomic structures and MRI features analysed

Structure Subdivision T2 hyperintensity T1 hypointensity True lesion

WM Frontal WM S/D/P

Temporal WM S/D/P

Parietal WM S/D/P

Occipital WM S/D/P

Corpus callosum G/B/S

Internal capsule A/P/pt

Cerebellar WM

Cerebellar peduncles S/M/I

Midbrain Specify structure

Pons Specify structure

Medulla oblongata Specify structure

Aspect T2 homogeneity WM

GM Cerebral cortex

Thalamus Specify structure

Globus pallidus

Caudate nucleus

Putamen

Dentate nucleus

Substantia nigra

Other nuclei Specify structure

Cerebellar cortex

Atrophy Cerebral atrophy

Cerebellar atrophy

WM = white matter; GM = grey matter; S/D/P = subcortical/deep/periventricular; G/B/S = genu/body/splenium; A/P/pt = anterior/posterior/pyramidal tract only; S/M/

I = superior/middle/inferior.
Bold notation indicates that item is included in the statistical analysis.
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T2 hyperintensity in the periventricular and deep white matter

(Fig. 6A) in all patients, associated with T1 hypointensity in the

same areas (Fig. 6B) in 10 patients. The anterolateral part of the

thalamus had a lower T2 signal than the rest of the thalamus in six

patients. No cerebellar atrophy was seen.

Cluster 7 consisted of six patients, all displaying prominent T2

hyperintensity associated with T1 hypointensity in the pons, similar

to Cluster 3 (Fig. 3). In addition, in four patients T2 hyperintensity

was predominantly seen in the subcortical cerebral white matter

(Fig. 7A), whereas in most other clusters the T2 hyperintensity of

the cerebral white matter was more diffuse (Fig. 7B), except for

Cluster 8. In Cluster 7, the anterolateral part of the thalamus had

a relatively low T2 signal in comparison with the rest of the thal-

amus in all patients.

Cluster 8 contained only two patients with T2 hyperintensity of

the subcortical white matter and T2 hypointensity of the remaining

cerebral white matter (Fig. 7A). The pons had a low T2 signal in

both patients.

Cluster 9 comprised nine patients and, although five patients

displayed a homogeneous T2 signal intensity of the cerebral white

matter and seven patients had cerebellar atrophy, this cluster was

mainly characterized by the absence of all features described above.

Cluster 10 comprised eight patients. Comparable to Cluster 9,

most features mentioned so far were absent, except for

Figure 1 MRI of a 6-year-old male with 4H syndrome. The sagittal T1-weighted image shows cerebellar atrophy (A). The axial

T2-weighted image (B) shows relatively lower signal of the anterolateral part of the thalamus (white arrow), pyramidal tract at the

level of the posterior limb of the internal capsule (black arrow) and the optic radiation (white open arrow).

Figure 2 The axial T2-weighted image in a 1-year-old male with PMD shows a strikingly homogeneous T2 signal intensity of the cerebral

white matter (A) as compared to a 5-year-old male with 4H syndrome (B).
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T2 hypointensity of the corpus callosum in seven patients and of

the anterolateral part of the thalamus in six.

Table 3 summarizes the importance of the various items in the

cluster analysis. Most items were important in discrimination be-

tween the various clusters, except for the cerebellar white matter,

posterior limb of the internal capsule, midbrain and substantia nigra.

In Table 4 the patients in the clusters are linked to their under-

lying diseases. Clusters 1, 2, 4, 6, 7 and 8 mainly comprised pa-

tients with a single diagnosis. Cluster 3 contained patients with

PMLD and patients with 4H syndrome. Infantile GM1 and GM2

gangliosidosis together formed Cluster 5. Clusters 9 and 10 were

the least specific, comprising multiple disorders.

On the basis of these results, a flow chart (Fig. 8) was drafted

for reviewing MRI scans displaying hypomyelination.

Multivariate analysis
In the multivariate analysis the diseases with more than eight pa-

tients, i.e. PMD, PMLD, HCC, 4H syndrome and GM2 gangliosi-

dosis, were compared with respect to the MRI items marked in

Table 2. In Supplementary Table 1 the results of this analysis are

shown. The MRI abnormalities observed in one specific disease

were significantly different from the abnormalities observed in

Figure 4 Axial T2-weighted images of a 1-year-old female with fucosidosis demonstrate pronounced T2 hypointensity of the globus

pallidus (white open arrow, A) and substantia nigra (white arrow, B). The optic radiation has a lower signal than the adjacent white matter

(black arrow, A).

Figure 3 Axial T2-weighted images of two male patients with PMLD (age 39 years in A, age 6 years in B) at the level of the pons show T2

hyperintensity, either in the pyramidal tracts alone (white arrow, A) or in the entire pons (black arrow, B).
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the other diseases for all diagnoses, even after correction for mul-

tiple testing.

Comparison with hypomyelinating
disorders of unknown origin
Among the 164 patients with a hypomyelinating disorder of un-

known origin, 22 patients had MRI abnormalities compatible with

one of the clusters (Table 5). For seven patients the suggested diag-

nosis was confirmed (Table 5). In the other 15 patients either the

diagnostic work-up was not completed or attempts to contact the

referring physician were unsuccessful. In none of the 22 patients was

another diagnosis established other than that suspected.

Discussion
At first glance, all hypomyelinating disorders have a similar ap-

pearance on MRI with mild T2 hyperintensity of much or almost

all cerebral hemispheric white matter and a variable T1 signal in-

tensity. Although in a large proportion of the patients with hypo-

myelination the cause remains unknown, the number of known

causes for hypomyelination is increasing. Until now, MRI has been

considered to be of little help in guiding the diagnostic process.

This study shows, however, that it is possible to group patients

with hypomyelination of known cause in clusters based on MRI

features and that the clusters correspond with specific hypomye-

linating disorders.

Figure 5 Axial T2-weighted images of a 1-year-old female with GM2 gangliosidosis display hypointensity of the corpus callosum

(white arrow, A) and T2 hyperintensity of the basal ganglia (black arrow, B).

Figure 6 MRI of a 3-year-old male with HCC. The axial T2-weighted image shows prominent T2 hyperintensity (black arrow, A) and the

sagittal T1-weighted image displays T1 hypointensity (white arrow, B) of the periventricular and deep white matter.
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The diagnosis of 4H syndrome is based on hypomyelination on

MRI, hypogonadotropic hypogonadism and hypodontia (Wolf

et al., 2005; Timmons et al., 2006). The underlying defect is un-

known. Of the 40 patients in this study, 36 were grouped in

Cluster 1 (Table 4), demonstrating that the syndrome displays a

distinct pattern of MRI abnormalities. This pattern is characterized

by T2 hypointensity of optic radiation, pyramidal tracts at the level

of the posterior limb of the internal capsule and anterolateral part

of the thalamus (Fig. 1). The cerebellar white matter often has a

mild T2 hyperintensity and the dentate nucleus stands out as rela-

tively dark. Another dominant feature is cerebellar atrophy, as

described previously (Wolf et al., 2005; Timmons et al., 2006).

This atrophy is usually already seen before the age of 10, a feature

uncommon in other hypomyelinating disorders. The T1 signal in-

tensity of the white matter varies from high throughout the brain,

suggesting presence of substantial amounts of myelin, to high in

the optic radiation, brain stem and cerebellar white matter only,

suggesting a much more limited myelin deposition. Four patients

with the 4H syndrome were not included in Cluster 1. One patient

had a homogeneous T2 signal of the cerebral white matter, a

feature predominantly seen in PMD patients. The other three pa-

tients were included in the less specific Clusters 9 and 10. Cluster

1 contains only one patient with a diagnosis other than 4H syn-

drome, i.e. HCC.

Figure 7 The axial T2-weighted image of a 16-year-old male with Salla disease demonstrates hyperintensity of the subcortical white

matter, characteristic of patients in Clusters 7 and 8 (A), as compared to more diffuse hyperintensity of the cerebral white matter in

a 19-year-old female with hypomyelination (B).

Figure 8 Flow chart developed for reviewing MRI scans

displaying signs of hypomyelination. WM = white matter.

Table 4 Clusters and disorders

Cluster n PMD PMLD HCC Fucosidosis 4H GM2 GM1 Salla

1 37 – – 1 – 36 – – –

2 16 15 – – – 1 – – –

3 8 – 6 – – 2 – – –

4 4 – – – 4 – – – –

5 11 – – – – – 9 2 –

6 11 – – 11 – – – – –

7 6 – 6 – – – – – –

8 2 – – – – – – – 2

9 9 2 1 1 – 1 – – 4

10 8 4 2 – – – – – 2

Total 112 21 15 13 4 40 9 2 8

n = number of patients; GM2 = GM2 gangliosidosis; GM1 = GM1 gangliosidosis.
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In view of the combination of hypomyelination and early cere-

bellar atrophy, one could also consider a diagnosis of HABC, but

HABC is characterized by early disappearance of the putamen

(Van der Knaap et al., 2002), a feature not present in 4H

syndrome. Cerebellar atrophy may be observed in other

hypomyelinating disorders, but often milder and at an older age.

If an MRI scan obtained at a young age is not available, it may be

difficult to suggest a diagnosis of 4H syndrome based on MRI

criteria alone.

Fucosidosis is a lysosomal storage disorder caused by a defi-

ciency of �-L-fucosidase (van Hoof and Hers, 1968). The MRI

pattern of fucosidosis is distinct. All four patients are grouped in

Cluster 4, which does not contain patients with other diagnoses.

Characteristic MRI features include a dark globus pallidus and

often also substantia nigra on T2-weighted images (Fig. 4). In

healthy subjects, the T2 signal of the globus pallidus tends to de-

crease with age, but the patients described here are young chil-

dren and age, therefore, cannot explain the signal alteration of the

globus pallidus. Signal abnormalities of the basal ganglia and thal-

amus have been reported in a number of lysosomal storage dis-

eases (Autti et al., 2007). However, T2 hypointensity of the globus

pallidus has been reported in fucosidosis only (Provenzale et al.,

1995; Inui et al., 2000). The magnetic resonance images published

by Prietsch et al. (2008) show that the lateral geniculate bodies

have a low T2 signal as well. This can also be seen in two of our

patients. The structures are, however, very small and could not be

evaluated in the other two patients, so we are not certain this

feature is invariably present.

Infantile GM1 and GM2 gangliosidosis are lysosomal storage

disorders, caused by a deficiency in b-galactosidase and

b-hexosaminidase A/B, respectively (Sandhoff and Christomanou,

1979). The MRI pattern of infantile GM1 and GM2 gangliosidosis

is indistinguishable. All 11 patients are grouped in Cluster 5 and

this cluster does not contain patients with alternative diagnoses.

Characteristic MRI features are mild T2 hyperintensity of the caud-

ate nucleus and putamen with signs of diffuse hypomyelination,

contrasting with a normal T2 signal intensity of the corpus callo-

sum (Fig. 5), indicating more complete myelination of this struc-

ture. The anterolateral part of the thalamus was slightly abnormal

in signal in a few patients.

It should be noted that later onset variants of GM1 and GM2

gangliosidosis do not display hypomyelination (Muthane et al.,

2004; Inglese et al., 2005; De Grandis et al., 2009). GM1 and

GM2 gangliosidosis are in fact, neuronal storage disorders and it is

only if the onset is early-infantile that the process of myelination,

as assessed by MRI, is disturbed and halted (Schiffmann and van

der Knaap, 2009).

HCC is an autosomal recessive disorder caused by mutations in

the gene FAM126A encoding the protein hyccin, which has an as

yet undetermined role in myelination (Zara et al., 2006). Of the

13 HCC patients, 11 are classified in Cluster 6, which does not

contain patients with other diagnoses. In this cluster, hypomyeli-

nation is combined with areas of prominent T2 hyperintensity and

T1 hypointensity in the periventricular and deep cerebral white

matter (Fig. 6), indicating focal lesions. These MRI features have

been described by others (Biancheri et al., 2007; Rossi et al.,

2008). Other hypomyelinating disorders, such as 4H syndrome

and GM1 and GM2 gangliosidosis may also display some addition-

al T1 hypointensity of the deep cerebral white matter, but it is the

contrast with the more normal appearance of the subcortical white

matter on T1-weighted images that makes HCC distinct from

other disorders.

PMD is an X-linked disorder, caused by variations of the PLP1

gene (Gencic et al., 1989; Hudson et al., 1989), including single

nucleotide changes, deletions, duplications and triplications. The

majority of 21 patients with PMD have a strikingly homogeneous

T2 signal of the cerebral white matter (Fig. 2), often in combin-

ation with hypointensity on T1-weighted images. This feature de-

fines Cluster 2, which contains only PMD patients except for one

patient with 4H syndrome. It is striking that the tigroid pattern of

myelin deposition described in the histopathology of PMD

(Merzbacher, 1910) is not observed on MRI scans. Six PMD pa-

tients were assigned to the less specific Clusters 9 and 10.

PMLD is caused by mutations in the gene GJC2 (Uhlenberg

et al., 2004). Patients with PMLD were assigned to the Clusters

3, 7, 9 and 10. An MRI feature of PMLD patients that is seen in all

patients but one consists of prominent T2 signal hyperintensity of

the pons, which has been reported before (Salviati et al., 2007;

Wolf et al., 2007; Orthmann-Murphy et al., 2008), although not

consistently (Bugiani et al., 2006). The pontine abnormalities

either consist of a global T2 hyperintensity often associated with

T1 hypointensity of the pons or of T2 hyperintensity and T1

hypointensity confined to the pyramidal tracts at this level

(Fig. 3). One PMLD patient did not show these pontine abnorm-

alities on his first MRI included in the statistical tests but did dis-

play them on later MRI scans (not included in the study). The

signal intensity of the cerebral white matter structures is rather

variable and does not contribute to discrimination. Noteworthy is

the T2 hyperintensity of the subcortical white matter contrasting

with a lower T2 signal of the remaining cerebral white matter in

four patients (Fig. 7A), which is a feature of Cluster 7. The latter

together with a hypointensity of the anterolateral part of the thal-

amus is responsible for dividing PMLD patients over roughly two

clusters.

Salla is a lysosomal storage disorder caused by a defect of the

sialic acid transporter (Mancini et al., 1991). Only patients who

had an MRI scan when they were older than 1 year were included

Table 5 Hypomyelinating disorders of unknown origin:
prediction of diagnoses

Disease Cluster Number
of predictions

Number of
confirmations

4H syndrome 1 5 0

GM1 + GM2 5 2 1

Salla disease 8,9,10 4 2

PMD 2 3 1

PMLD 3,7 5 3

HCC 6 3 0

Fucosidosis 4 0 0

Total 22 7

GM1 = GM1 gangliosidosis; GM2 = GM2 gangliosidosis.
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in our study, which explains that only patients with classical Salla

disease were included and no patients with infantile sialic acid

storage disorder. Classical Salla disease has no distinct MRI fea-

tures and is the least recognizable disorder in this study. The pat-

tern of T2 hyperintensity of the subcortical white matter

contrasting with T2 hypointensity of the remaining cerebral

white matter, seen in several PMLD patients, was also seen in

two patients with Salla disease (Fig. 7A), however, without the

typical pons abnormalities of PMLD. These two Salla patients were

assigned a separate Cluster 8.

The conclusion of our study is that MRI scans can give clues for

the diagnosis in most cases of PMD, PMLD, HCC, fucosidosis, 4H

syndrome, GM1 gangliosidosis and GM2 gangliosidosis. This

implies that MRI can guide the diagnostic process (see flow

chart in Fig. 8) and reduce the number of tests that need to be

performed. This conclusion is substantiated by findings among pa-

tients with hypomyelination of unknown origin.

It is important to realize that these MRI guidelines may have

exceptions. The MRI features characteristic for a specific disorder

may not be invariably present in all patients or in all stages of the

disease and features thought to be characteristic of a particular

disorder may be present in patients with another diagnosis. This

means that if the diagnosis suggested by the MRI findings has

been excluded, other diagnoses should still be considered.

The ages of the various groups in the present study were dif-

ferent (Table 1). In particular patients with GM1 and GM2 gang-

liosidosis were young, whereas the age distribution in the other

disorders is much broader. The differences can be explained by the

fact that the various disorders present at different ages and have

different disease courses, GM1 and GM2 gangliosidosis being

among the most severe.

Age is an important item influencing MRI patterns in hypomye-

linating disorders. In our experience, MRI scans of most adoles-

cents and adults with a hypomyelination disorder display cerebral

and cerebellar atrophy and little or no myelin in the cerebral white

matter, hampering pattern recognition. MRI scans obtained in

childhood are more informative.

A limitation of the study is that some hypomyelinating disorders

were excluded. Among these, Tay syndrome, oculodentodigital

dysplasia and Waardenburg–Hirschsprung syndrome related to

SOX10 mutations are associated with the classical picture of hypo-

myelination on MRI (Gutmann et al., 1991; Østergaard and

Christensen, 1996; Inoue et al., 1999, 2002; Loddenkemper

et al., 2002). The diagnoses of these disorders is, however, rela-

tively easy because of striking clinical characteristics. Tay syndrome

is characterized by hypersensitivity of the skin to sunlight and

abnormal hair (Happle et al., 1984); patients with oculodentodi-

gital dysplasia have digital, teeth and eye manifestations

(Gutmann et al., 1991) and patients with Waardenburg-

Hirschsprung syndrome caused by SOX10 mutations have the typ-

ical features of Waardenburg-Hirschsprung syndrome (Pingault

et al., 1998). HABC was also excluded, but this disorder can be

easily recognized on MRI by the early disappearance of the puta-

men in combination with hypomyelination (Van der Knaap et al.,

2002).

The current study raises the expectation that MRI may also be a

valuable tool in the study of the large group of hypomyelinating

disorders of unknown origin. In-depth studies of MRI-defined

homogeneous subgroups may lead to the identification of novel

disease entities and, eventually, their causes.
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